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osting by EAbstract The aim of the present study is to evaluate the transition metals overload in Abu-Qir Bay
in Egypt, as compared to a less polluted area (reference area) through some biomarkers of oxidative
stress. Catalase enzyme activity, malondialdehyde (MDA) concentration and DNA damage (num-
ber of apurinic/apyrimidinic sites) were the tested biomarkers. The levels of iron and copper in
Mugil cephalus liver tissues were signiﬁcantly higher in samples from the polluted area as compared
to the reference area: Fe: 407 ± 38 vs. 216 ± 21 lg/g wet wt; p= 0.008, Cu: 54 ± 6 vs.
17.7 ± 4 lg/g wet wt; p= 0.0001. This could account for the observed increase in MDA
concentration (15.7 ± 5.7 vs. 2.5 ± 0.5 U/g; p= 0.035), and the elevated number of AP sites
(13.9 ± 2.6 vs. 0.37 ± 0.2 AP site/1 · 105 bp; p= 0.0001). Similarly, the activity of catalase enzyme
responsible for the cellular defense was signiﬁcantly high (58.3 ± 12.2 vs. 28.4 ± 4.0 U/mg;
p= 0.032). The present data indicated a clear relationship between the pollution degree of the
above marine environment and both biochemical and molecular responses of the piscine system.
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lsevier1. Introduction
The oceans are the ultimate sink for many chemicals of anthro-
pogenic origin, such as metals [52]. Abu-Qir Bay is considered
as one of the major hot spots along the Egyptian Mediterra-
nean coast [53]. Along the coast of Abu-Qir Bay, there exist
about 22 different factories representing four major categories
of industrial wastes which are: food processing and canning,
paper industry, fertilizers industry and textile manufacturing.
The wastes of these industries are of either organic or
inorganic nature and are pumped to the sea through El-Tabia
pumping station; it pumps out an average amount of
52 H.M. Aboul-Ela et al.1.5–2.0 million m3 of polluted water per day [39]. The enrich-
ment of trace metals in the bay has been shown by a number
of studies [1,39]. These studies showed that the concentrations
of trace metals (Fe, Cu, Zn, Pb, Mn, Cr, Co, Cd and Ni) have
increased to a huge extent, deducing that industrial wastes
deposited from several factories are the main contributors of
the heavy metals characterizing the bay environment [2].
Unlike other classes of pollutants, which can be biodegrad-
ed and destroyed completely; deposited metals are not biode-
gradable and cannot be destroyed [55,56]. They may
accumulate unnoticed in the aquatic environment to toxic lev-
els. Some metals, such as Zn, Cu, Mn and Fe, are essential for
aquatic organisms, but show toxic effects when organisms are
exposed to higher abnormal concentrations [45]. Although
their toxic and genotoxic effects on biological systems, transi-
tion metals; especially Cu and Fe, are of great interest and are
considered as essential elements [5].
The toxicity of transition metals is often due to their great
participation and action as catalysts in the production of the
reactive oxygen species (ROS)1 through the Fenton/Haber-wiess
reactions, which are highly reactive chemicals containing oxy-
gen; e.g. hydroxyl free radical OH that reacts easily with other
molecules, resulting in potentially damaging modiﬁcations.
The accumulation of ROS in cells can lead to oxidative
stress in which the effects of prooxidants (e.g. free radicals,
reactive oxygen and reactive nitrogen species) exceed the abil-
ity of antioxidant systems to neutralize them [49]. In biological
systems, oxidative stress has become of signiﬁcant interest is-
sue for environmental toxicology studies; especially oxidative
damage induced by different classes of chemical pollutants
[54]. Toxic consequences of oxidative stress at the subcellular
level include lipid peroxidation, oxidative damage to DNA
and proteins as well as alteration of the antioxidant enzymes
responses [23].
Lipid peroxidation has been used successfully as a measure
of xenobiotic-induced oxidative stress, especially by transition
metals such as iron, mercury and copper [31]. In transition
metals, catalyzed lipid per oxidation, HO is thought to be
the primary initiating radical species [46]. Lipid per oxidation
leads to destruction of membrane lipid, production of lipid
peroxides and their by-products such as aldehydes. Malondial-
dehyde (MDA) is formed from the breakdown of polyunsatu-
rated fatty acids (PUFA) and it serves as a convenient index
for determining the extent of lipid peroxidation [22].
The production of H2O2 within the cell, may lead to the
production of HO and subsequent cellular damage via the
metal-catalyzed Haber-Weiss reaction. Thus, it is important
to remove H2O2. Catalase; a heme-containing enzyme, func-
tions to rapidly disintegrate H2O2 to water and oxygen
(k> 107 M1 s1) [26]. It belongs to the cellular antioxidant
system that counteracts the toxicity of ROS. Catalase is often
induced as a result of oxidative stress, the decomposition of
H2O2 is directly proportional to both the concentration of
the enzyme and the concentration of substrate (H2O2) [57]. It1 Abbreviations: 8-OHdG, 8-hydroxyguanine; AAS, atomic absorp-
tion spectroscopy; AP site, apurinic/apyrimidinic site; ARP, N0-
aminooxymethyl-carbonylhydrazino-D-biotin; FapyGua, 2,6-dia-
mino-4-hydroxy-5-formamidopyrimidine; MDA, malondialdehyde-
bis-diethyl-acetal; PAHs, polycyclic aromatic hydrocarbons; POPs,
persistent organic pollutants; PUFA, polyunsaturated fatty acids;
ROS, reactive oxygen species.is worth mentioning that, the measurement of catalase activity
in aquatic organisms has been extensively used as biomarker of
exposure in several biomonitoring studies on different marine
organisms such as mussels, freshwater bivalve; Uno tumidus,
sea ﬁshes; Mytilus galloprovincialis and Mullus barbatus in an
Italian coastal marine area [14,38,12,30,17], and also on Mugil
cephalus in Spain [44].
The most important and recently used biomarker of oxida-
tion stress initiated by transition metals overload is the DNA
damage. The increasing genotoxic risk in marine environment
is motivating an intense and continuous ecosystem research in
an effort to develop and apply new biomonitoring tools. Such
biomonitoring research offers great potential for future appli-
cations [3]. As a molecular biomarker for genetic effects; DNA
damage, integrity and repair processes, introduce a highly spe-
ciﬁc and very early signal of genotoxic xenobiotic effects in
some organisms. Under the constant inﬂuence of xenobiotics
on living organisms, measured DNA damage represents the
dynamic state between constant DNA damage occurrence
and its repair [3]. In such cases DNA damage could reﬂect
the level of marine pollution by genotoxic xenobiotics. The
genotoxic risk assessment and the estimation of endangered
marine organisms are based on the monitoring of DNA dam-
age frequencies caused by genotoxins. The modulation of
DNA damage and repair mechanisms caused by genotoxic
stress in the environment can predict future trends and are
considered as early warning indicators [3,11].
One of the most prevalent lesions in DNA is the apurinic/
apyrimidinic (AP) site, derived from the cleavage of the N-gly-
cosyl bond by DNA glycosylase or by spontaneous depurina-
tion [20]. Under normal unstressed conditions, AP sites could
be repaired by the base-excision repair mechanism; but under
stress conditions, it was proven that the excision repair capacity
of oxidative damage, a potentially protective cellular mecha-
nism has been retained. Lack of such a repair capability can
cause accumulation of this type of DNA base damage [11].
The oxidative damage of DNA is mainly caused by the hydro-
xyl (OH) free radical [50]. Hydroxyl free radicals can attack the
sugar-phosphate backbone of DNA, causing a different variety
of lesions, including base free AP sites where the base has been
removed by oxidant-mediated reactions [23]. In fact, AP-sites
are one of the most frequently occurring lesions caused by
ROS. ARP (Aldehyde Reactive Probe) reagent reacts speciﬁ-
cally with an aldehyde group, which is the open ring form of
the AP sites. The reaction makes it possible to detect DNA
modiﬁcations that result in the formation of an aldehyde group,
and that was the technique used to quantify AP-sites in the
present study. After treating DNA containing AP sites with
ARP reagents, AP sites are tagged with biotin residues, which
can be quantiﬁed using avidin–biotin assay followed by a sen-
sitive, rapid and easy colorimetric detection [37]. The danger
of such damage in the DNA is that it may result in blockage
of DNA replication and transcription; and therefore, cause
lethal damage to the cell’s DNA, when left unrepaired [18,6].2. Materials and methods
2.1. Fish sampling and samples preparation
Ten ﬁsh individuals of M. cephalus species were collected from
Abu-Qir Bay and Sidi-Barrani. Sampling areas are shown in
Figure 1 Map of the sampling areas: (a) is the polluted area ‘‘Abu-Qir Bay’’ and (b) is the reference area ‘‘Sidi-Barrani’’.
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Part of The Mediterranean basin. Samples then were stored in
prewashed polyethylene bags and brought to the laboratory on
ice (at 4 C) in the same day of ﬁsh capture. Morphological fea-
tures (weight, length, sex and age) were determined. Age deter-
mination was carried out according to Go¨c¸er and Ekingen [19].
Fish samples were then dissected for analysis. Tissue samples of
muscle, liver and gills of each individual ﬁsh were taken using
stainless steel instruments on a clean glass working surfaces
as recommended by UNEP/FAO/IAEA/IOC [52].
2.2. Iron and copper determination
Each tissue sample of the examined organs was weighed sepa-
rately in a clean, labeled Petri dish andwas dried for several days
at 70 C to constant weight. A dry sample (0.2 g) was placed in a
Teﬂon vessel and 4 ml of analar nitric acid was added (4 ml nitric
acid and 2 ml perchloric acid in case of gills tissue). The vessels
were tightly covered and were allowed to predigest at room
temperature overnight. The digestion vessels were placed on a
preheated hotplate at 80 C for 3 h. The samples were cooled
at room temperature and were then transferred to 25 ml volu-
metric ﬂask. The water used was distilled and deionized. All di-
gested solutions were analyzed by Flame Atomic Absorption
Spectroscopy (Perkin Elmer Analyst 300, USA). All glassware
and plastic devices used in manipulation of samples were com-
pletely acid-washed [36]. Standards and reagents utilized for
the blanks and calibration curves were all of analytical grade.
2.3. Lipid peroxidation (liver MDA concentration)
Determination of the liver lipid peroxidation of liver was deter-
mined according to Botsoglou [8].
2.4. Determination of the liver catalase activity
Liver catalase activity was assayed according to the spectro-
photometric assay procedure of Aebie [4].2.5. DNA extraction and quantiﬁcation of AP site number
DNA extraction was carried out using the Genomic DNA
puriﬁcation kit (MBI Fermentas Inc., UK). DNA purity and
yield was assessed by determining the absorbance at 260 and
280 nm. The amount of AP sites representing the DNA dam-
age was determined according to Kubo et al. [27]. AP site
counting was carried out by the DNA damage quantiﬁcation
ARP kit (BioVision Inc., UK).2.6. Statistical analysis
T-test and analysis of variance of treatments difference was
performed according to Steel and Torrie [51]. Statistical anal-
ysis was done by T-test, ANOVA and LSD procedures avail-
able within the MSTAT-C software package (2.0 1998). The
‘‘t’’ test was used for comparing means of the studied variables
and for comparing the studied parameters between different
samples. Correlations between studied variables were per-
formed. All data are presented as mean ± SE. A value of
p< 0.05 was considered statistically signiﬁcant.
Linear correlation analysis was used to determine the rela-
tionship between variables. Simple phenotypic correlations
were calculated among all traits using SPSS ver. 12 package.
The linear regression function between each of the studied
traits was predicted according to Kleinbaum and Kupper [25].3. Results
The pollution status of sampling areas was evaluated by
measuring the concentrations of iron and copper metals in
M. cephalus. Both metals were measured in three different or-
gans of ﬁsh samples caught from polluted and reference areas.
Liver, gills and muscle tissues of each individual ﬁsh were
examined for metal concentration using atomic absorption
spectroscopy technique (AAS). The concentrations of both
metals were measured in lg/g wet weight (ppm) and were
54 H.M. Aboul-Ela et al.found to be in the following order: liver > gills > muscles in
samples from both areas as shown in Fig. 2. In Abu-Qir ﬁshes,
iron concentration ranges were as follows: 208.2–532.1 ppm in
livers, 91.5–348.5 ppm in gills and 72–209 ppm in muscles.
Whereas the reference area values were: 123.8–350 ppm in li-
ver, 9–192 ppm in gills and 30.7–153 ppm in muscles. Copper
concentration ranges of polluted area were 17.39–81.35 ppm
in livers, 1.06–14.41 ppm in gills, 0.137–5.55 ppm in muscles.
But in reference area were 9.28–51.36 ppm in livers, 0.33–
3.66 ppm in gills and 0.019–1.08 ppm in muscles.
Statistical analysis of data presented in Table 1 revealed
that there was a signiﬁcant increase in the iron concentration
in the liver tissues obtained from the polluted area samples,
compared to those obtained from the control group (n= 10,
p= 0.008). Similarly, there was a signiﬁcant increase in iron
concentration in gills (n= 10, p= 0.003) and muscle tissues
(n= 10, p= 0.002) in the polluted area samples, compared
to those in the control group. In the same manner, there was
a signiﬁcant difference between copper concentrations in liver
and muscle tissues of the polluted area samples and the control
group (n= 10, p= 0.0001; 0.006, respectively). On the other
hand, copper concentrations in the gills of polluted and control
ﬁsh groups did not differ signiﬁcantly.
Ranges of liver MDA concentrations (lipid peroxidation in-
dex) obtained from both polluted and reference areas were
(2.21–58.09 nmol/ml) and (0.37–4.78 nmol/ml), respectively.
Data obtained from both polluted and reference areas showed
remarkable differences between their readings. Statistical anal-Figure 2 (a) and (b) Iron concentrations (ppm) in three different org
respectively; (c) and (d) copper concentrations (ppm) in three differen
Abu-Qir Bay and Sidi-Barrani, respectively. Data are the means of thysis (T-test) of data concerning the liver MDA concentrations
revealed that there was a signiﬁcant increase in the level of
MDA in the liver tissues of samples obtained from the polluted
area (n= 10, mean = 15.77 ± 5.79) compared to those ob-
tained from the control area (n= 10, mean = 2.54 ± 0.51)
(p= 0.035) (Table 2).
Data concerning liver catalase showed a clear difference in
the enzyme activities between both polluted and reference
areas. Catalase activity range (expressed as speciﬁc activity)
of the polluted area was much higher than that of the reference
one (18.46–129.5 U/mg protein in polluted area and 13.77–
52.21 U/mg protein in reference area). Statistical analysis of
the results showed that the enzyme activity levels signiﬁcantly
increased in the liver tissues of the polluted area samples when
compared to those of the control area (p= 0.032) (Table 2).
The evaluation of the pollution status in the investigated
areas was extended to include a molecular approach by exam-
ining the level of DNA damage. DNA damage was evaluated
by measuring the number of AP-sites formed as a result of oxi-
dative damage of the genome. The number of AP sites mea-
sured in the polluted area samples (liver and gills) were much
higher than that obtained in the reference area samples.
Ranges were (5.2–23.46 AP sites/105 bp) in the polluted area
liver samples and (0–1.43 AP sites/105 bp) in the reference area
liver samples. The difference of DNA damage levels (AP sites
number in the liver) between the polluted and the control areas
samples was highly signiﬁcant (p= 0.0001) (Table 2). Simi-
larly, the AP-site number in gills was signiﬁcantly increasedans of Mugil cephalus caught from Abu-Qir Bay and Sidi-Barrani,
t organs (n, liver, , gills, h, muscles) of M. cephalus caught in
ree replicas.
Table 1 T-test of iron and copper concentrations in liver, gills and muscle tissues of Abu-Qir Bay and Sidi Barrani (polluted and
reference areas).
Iron (ppm) Copper (ppm)
Liver Gills Muscles Liver Gills Muscles
Abu-Qir Bay 407.18a ± 38.4 204.45 ± 26.17 118.45 ± 13.19 54.03 ± 6.39 3.19 ± 1.33 2.31 ± 0.677
Sidi Barrani 216.11 ± 21.8 110.67 ± 16.51 54.63 ± 15.07 17.77 ± 4.38 1.91 ± 0.4 0.38 ± 0.14
T-value 2.53** 3.03** 3.17** 4.68*** 1.44n.s. 2.75**
p-Value 0.008 0.003 0.002 0.0001 0.08 0.006
n.s., T-test is not signiﬁcant.
a Data, mean ± SE.
** T-test is signiﬁcant at p< 0.01.
*** T-test is signiﬁcant at p< 0.005.
Table 2 T-test between polluted and reference area parameters measured in liver and gills tissues.
Polluted area Reference area T-value p-Value
Mean ± SE Ranges Mean ± SE Ranges
(MDA conc.) (nmol/ml) 15.77 ± 5.79 2.21–58.09 2.54 ± 0.51 0.37–4.78 2.27* 0.035
Catalase activity (U/mg protein) 58.31 ± 12.26 18.46–129.5 28.47 ± 4.02 13.76–52.21 2.31* 0.032
DNA damage in liver (AP-sites/105 bp) 13.98 ± 2.6 5.2–23.46 0.37 ± 0.2 0–1.43 5.20*** 0.0001
DNA damage in gills (AP-sites/105 bp) 1.99 ± 0.22 0.53–3.74 0.19 ± 0.08 0–0.75 2.63* 0.026
* T-test is signiﬁcant at p< 0.05.
*** T-test is signiﬁcant at p< 0.005.
Table 3 Full equation of multiple regression and analysis of variance (ANOVA test) between iron/copper concentrations and DNA
damage and catalase enzyme activity.
Parameter under study Multiple regression full equation R F-value
DNA damage Y = 9.15 + 6.49 X1* + 3.05 X2n.s. 0.834 5.69*
Catalase activity Y = 1.68 + 9.54 X1
**  2.09 X2n.s. 0.792 7.51**
Lipid peroxidation Y = 5.97 + 5.70 X1n.s.  1.68 X2n.s. 0.559 1.59n.s.
X1, iron concentration.
X2, copper concentration.
n.s., test is not signiﬁcant.
* Test is signiﬁcant at p< 0.05.
** Test is signiﬁcant at p< 0.01.
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tained from the control one (p= 0.026) (Table 2).
Regression analysis of the data revealed that iron was more
likely the main inﬂuencing factor that caused the clear rise of
both DNA damage and catalase activity than copper. On the
other hand, neither iron nor copper showed a clear participa-
tion in exerting lipid peroxidation (Table 3). From the ob-
tained data of the multiple regression analysis, it was
necessary to carry out the linear regression analysis between
the factor of interest (iron) and the related responses (DNA
damage and catalase enzyme activity). Each of the studied
traits was predicted using the following equation:
Yi ¼ aþ biXi
where Yi is the observed value for any character, a = constant
which ﬁxes the position of the regression line, bi = regression
coefﬁcient, Xi = independent variable.
Data concerning the linear regression analysis indicated
that there was a signiﬁcant effect of iron concentration onthe number of AP sites and DNA damage (R= 0.786)
(Fig. 3a). Moreover, the linear regression analysis between iron
concentration and catalase activity revealed a signiﬁcant effect
of the iron concentration on the enzyme (R= 0.812) (Fig. 3b).
4. Discussion
The evaluation of toxicological effects of the aquatic contam-
ination at the cellular and molecular levels in marine organism
is often used to determine sites subjected to contamination
problems that pose a threat to the long-term survival of organ-
isms. Biomarkers of effects allow the assessment of the physi-
ological status of organisms under stress by human made or
natural contaminants [10].
Fish living in contaminated environments are exposed to
accumulated toxic chemicals in their tissues. Consequently,
biomarkers are needed to identify the resulting health effects,
particularly focusing on early changes at a subcellular level
[34]. All heavy metals are potentially harmful to most
Figure 3 Linear regression analysis between (a) iron concentrations and DNA damage in liver tissues; (b) iron concentrations and
catalase activity.
56 H.M. Aboul-Ela et al.organisms at some levels of exposure and absorption. Their
presence in the environment has increased in some areas at lev-
els which threaten the health of aquatic and terrestrial organ-
isms including human being [42]. In this context, the present
work is based on studying the accumulation of high levels of
transition metals; e.g. Cu and Fe, in liver, gills and muscle tis-
sues of M. cephalus; as well as evaluating the different biologi-
cal responses to the excess bioaccumulation exposed. The focus
was on iron and copper rather than other heavy metals due to
their great biological importance and huge harmful effects
through acting as the major oxidants to the living organisms [7].
Data of the present study emphasized that there were high
concentrations of iron and copper in liver, gills and muscles of
ﬁsh samples from Abu-Qir Bay, compared to those caught in
Sidi-Barrani coastal area (Table 1). Therefore, Sidi-Barrani
coastal area has been documented as less polluted area than
other industrial areas present along the Egyptian Mediterra-
nean coast [47].
Metal-stimulated reactive oxygen species (ROS) production
and resultant oxidative stress has been indicated as a mecha-
nism of toxicity in aquatic organisms exposed to industrial pol-
lution. The overload of iron or copper may produce oxidative
damage and may lead to pathologies or even cell death. Poten-
tially, this damage occurred due to the catalytic action of labile
iron and copper in the production of hydrogen peroxide and
free radicals; especially hydroxyl free radical, through the
Fenton and Haber-Weiss reactions. Accordingly, biomarkers
of oxidative stress induced by the existence of excess transition
metals; e.g. iron and copper, resulted in an increased interest in
the ﬁeld of ecotoxicology [29]. Preferentially, targets of the
hydroxyl free radical are membrane lipids and DNA [48].
The present data showed a signiﬁcant increase in the level
of MDA in liver tissues of samples obtained from Abu-Qir
Bay, compared to those obtained from samples from the refer-
ence area; p= 0.035 (Table 2). Correlation analysis for the
data showed that high liver MDA concentrations in the pol-
luted area samples had correlation with iron rather than cop-
per, but not in a signiﬁcant ratio. Also, multiple regression
analysis revealed that neither iron nor copper showed a contri-
bution to the lipid peroxidation (Table 3). This may be due to
the high concentrations of organic pollutants present in the
study area [53]. Previous studies revealed that lipid peroxida-
tion process was related to organic pollution; such as pesticides
and POPs, rather than the inorganic one; e.g. such as metals.Actually, lipid peroxidation was documented as potential bio-
markers of crude oil exposure in the gastropod mollusk and
Austrocochlea porcata [43].
Another biomarker of oxidative stress is the defense mech-
anisms represented by catalase enzyme activity. Catalase levels
showed higher activities in polluted area samples than that in
reference area, (p= 0.032) (Table 2). The increased activity
of this antioxidant enzymatic defense suggested that ﬁsh of
Abu-Qir Bay were exposed to oxidative stress, in accordance
with other previous studies [9,16,24,17]. It was obvious from
the results of liver catalase activity that despite the presence
of antioxidant defense system represented by catalase, high
activities in the polluted area samples and increased levels of
oxidative damage to lipids and DNA took place. This increase
may be due to the inability of the antioxidant system to ﬁght
back against oxidative stresses derived from the excess indus-
trial pollutants present in the polluted study area. A multiple
regression analysis was performed between catalase activity
and both iron and copper to specify which of the two metals
was the main inducer of the enzyme activity (Table 3). The
analysis revealed that there was a high signiﬁcant contribution
of iron concentration to the enzyme activity (R= 0.792) than
copper, which was documented to contribute to metallothione-
ins more than catalase activity [21].
Oxidative damage to DNA has met an increasing attention
in aquatic organisms in recent years. For example, juvenile
English sole (Parophrys vetulus) treated with nitrofurantoin;
a known redox cycling xenobiotic, demonstrated an increase
in hepatic 8-OHdG [40]. Another DNA lesion was linked to
oxidative stress and recently found in ﬁsh is FapyGua [33].
A similar study of feral English sole also found that ﬁsh from
sites contaminated with PAHs and PCBs showed a high degree
of hepatic DNA damage in the form of 8-OH adducts of guan-
ine and adenine as well as FapyGua [32].
One of the most prevalent lesions in DNA is the apurinic/
apyrimidinic (AP) sites, which are derived from the cleavage
of the N-glycosyl bond by DNA glycosylase or by spontaneous
depurination [20]. Under normal unstressed conditions, AP
sites could be repaired by the base-excision repair mechanism;
but under stress conditions, it was proven that the excision re-
pair capacity of oxidative damage, a potentially protective cel-
lular mechanism has been retained. Lack of such a repair
capability can cause accumulation of this type of DNA base
damage [11]. It worth mentioning that: oxidative DNA
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Hydroxyl radicals (OH) attack DNA bases leading to three
classes of damage: hydroxylation, ring opening and fragmenta-
tion [23]. Hydroxyl free radicals may also attack the sugar-
phosphate backbone of DNA, causing a different variety of le-
sions, including base free sites or apurinic sites (AP sites) where
the base has been removed by oxidant-mediated reactions. In
fact, AP-sites are one of the most frequently occurring lesions
caused by ROS [23]. Our data revealed that AP sites liver sam-
ples in polluted area were signiﬁcantly much higher than that
of reference area liver samples (p= 0.0001) (Table 2). Mean-
while, the number of AP sites in gills obtained from samples
of both areas differs signiﬁcantly at (p= 0.026). Also, there
were a signiﬁcant positive correlation between iron concentra-
tion and the number of AP sites. On the other hand, there was
no correlation between copper and the number of AP sites.
The above ﬁndings may be due to the nature of the DNA mol-
ecule as a powerful iron chelator [13]. In fact, iron has been
documented as a key mediator of H2O2-induced DNA damage
and development of hepatocellular carcinoma [35,15,28]. The
multiple regression analysis indicated that iron was signiﬁ-
cantly the main responsible element of the DNA damage
(R= 0.834); whereas, copper did not show any contribution
to this biomarker (Table 3). It is clear from the present study
that DNA damage much attributed with iron than copper.
The matter which may alter the documented order of toxicity
of metals is that copper is more toxic than iron [41]. Our study
proved that this fact may not be true at the subcellular level of
toxicity. Iron showed higher damaging effects than copper;
hence, the molecular basis of marine pollution should be
considered.
Conclusively, the present study emphasized that the pollu-
tion of Abu-Qir Bay region induced a panic oxidative stress
in ﬁsh living in this area. This indicates that the industrial
wastewater treatment in this area is not adequate to avoid
the hazardous effects of such pollutants. The risk will persist
also due to the damage occurred in the genetic material, which
may lead to a further effect at the population level. Therefore,
environmental monitoring can beneﬁt from the application of
molecular techniques as biomarkers. Basically, molecular bio-
markers may have some advantage over more classical, bio-
chemical markers because of their sensitivity, efﬁciency and
reproducibility. DNA damage is a very sensitive biomarker to-
wards oxidative stress. Furthermore, typically mammalian spe-
cies have been used in this work as a model to study oxidative
stress. However, researches on ﬁsh have demonstrated that
mammalian and piscine systems, exhibit similar toxicological
and adaptive responses to oxidative stress. This suggests that
piscine models, in addition to traditional mammalian models,
may be useful for the ongoing future understanding of the
mechanisms underlying the oxidative stress response.Acknowledgments
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